Atmospheric flow patterns are examined over the South Atlantic Ocean where a maximum of tropospheric ozone has been observed just west of southern Africa. We investigate the flow climatology during October and perform a case study for 6 days during October 1989. Analyses from the European Center for Medium-Range Weather Forecasting are employed, and a high-resolution global spectral model is used to prepare forecasts during the period. Horizontal and vertical motions are examined and used to prepare three-dimensional backward trajectories from the region of greatest ozone. An initially zonally symmetric distribution of ozone is treated as a passive tracer and advected by three-dimensional flows forecast by the global model. Results from the passive tracer simulation indicate that three-dimensional advection alone can produce a maximum of tropospheric ozone in the observed location. In addition, the trajectories suggest that by-products of biomass burning could be transported to the area of maximum ozone. Low-level flow from commonly observed regions of burning in Africa streams westward to the area of interest. Over Brazil, if the burning by-products are carried into the upper troposphere by convective process, they then could be transported eastward to the ozone feature in approximately 5 days. There is considerable subsidence over the tropical southern Atlantic, such that stratospheric influences also are a factor in producing the ozone maximum. Both planetary-scale and transient synoptic-scale circulation features play major roles in the various transport processes that influence the region. In summary, the observed tropospheric ozone maximum appears to be caused by a complex set of horizontal and vertical advections, transport from regions of biomass burning, and stratospheric influences.
indicates that values in this maximum may be somewhat exaggerated due to the effects of low-level clouds in the area [Thompson et al., 1992] . A plume also extends southeast from southern Africa toward New Zealand. Fields of tropospheric ozone cannot be obtained on a daily basis using this technique because SAGE data are not available at that frequency.
Biomass burning is thought to be a significant source of tropospheric trace gases such as ozone. The hypothesis is that the oxidation of CO, along with methane and nonmethane hydrocarbons, can provide an important source of tropospheric ozone when sufficient NOx is present [Crutzen, 1974 ' Chameides, 1978 ' Fishman et al., 1979; Logan et al., 1981] . A substantial portion of the production of CO, nonmethane hydrocarbons, and NOx has been attributed to tropical biomass burning [Crutzen et al., 1979 [Crutzen et al., , 1985 [Fishman et al., 1991b] . Thus ozone in the lowest levels will not survive long enough to be transported great distances. Lifetimes in the middle troposphere are much longer, approximately 90 days.
This means that ozone can travel much farther if it rises out
of the boundary layer to where its lifetime is longer and winds are stronger. Vertical motion on the convective scale is a mechanism by which burning by-products are lifted to higher levels where they may contribute significantly to enhanced ozone production in the upper troposphere [Chatfield and Delany, 1990 Levy et al. [1985] , and others also have investigated this problem. The simulation of ozone climatology using general circulation/climate models has received the greatest emphasis.
The purpose of this paper is to examine atmospheric flow patterns near the tropical South Atlantic Ocean. Relatively little is known about the meteorology of this area. Our objective is to explore the role of three-dimensional atmospheric circulations in producing the tropospheric ozone maximum that is located off the west coast of Africa (Plate 1). Climatological flow fields are described, and a case in October 1989 is examined in detail using both observed data and results from a high-resolution global spectral model of the atmosphere.
CLIMATOLOGICAL FEATURES
It is useful to examine climatological flow fields over the tropical Atlantic before focusing on a specific case study period. Atkinson and $adler [1970] 
Flow Analyses From Observed Data
We first will examine atmospheric circulations utilizing observed data. These "observed" analyses are from the European Center for Medium-Range Weather Forecasting (ECMWF). Input data included land and ship surface reports, rawinsonde, and pilot balloon observations, as well as satellite-derived cloud drift winds and sounding retrievals. Details about ECMWF analyses are addressed by Bengtsson [1985] . Briefly stated, however, they were derived from operational multivariate optimal interpolation using fourdimensional data assimilation. The analysis scheme imposes 
Flow Analyses From a Global Spectral Model
We also have used the Florida State University (FSU) high-resolution global spectral model to examine the October 1989, case. Details about the FSU model are described by Krishnamurti et al. [1991] , while highlights are given in the Appendix. The model was run at T170 resolution, which has a grid separation of approximately 70 km. This spacing is considerably smaller than that of general circulation models used in previous ozone simulations, for example, the 265-km spacing of Levy et al. [1985] . The simulation was started at 0000 UTC October 3, 1989, using ECMWF analyses as the initial data. This input had been subjected to nonlinear normal mode initialization prior to the start of the forecast cycle. Forecasts were made for the subsequent 5-day (120 hour) period.
We believe that good forecasts from the high-resolution global spectral model generally provide more realistic information about atmospheric transport processes than do the observed analyses described earlier (Figures 7 and 9) . One reason is that the analyses were performed at T106 resolution, whereas the model resolution is higher, at T170. Thus the model has the potential for including smaller-scale features during the course of the integrations. In addition, predicted vertical motions are internally consistent with the model's physics, especially since these motions include the effects of cumulus convection and radiative processes. Conversely, the observed analyses generally do not have a robust consistency with such physical processes. Krishnamurti et al. [1988] have noted that spinup of the model requires more than a multivariate optimal interpolation and four-dimensional assimilation. This is accomplished by the actual running of the model or a physical initialization. Finally, small-scale flow features of the analyses were constrained to be nondivergent, whereas corresponding scales from the forecast model are free of this constraint since they have evolved during the forecast period. As a result, forecast vertical motions and three-dimensional trajectories appear to be more realistic than those from the analyses.
The Predicted flow fields at 200 mbar are shown in Figure 11 . The forecasts generally are good; however, they do place the anticyclone somewhat farther north than observed ( Figure  9) . Nonetheless, the same two airstreams continue to comprise its circulationmone emanating from Africa and the other from South America. Forecast wind speeds are approximately 15 to 20% stronger than observed. This discrepancy could be due to the differing resolutions of the model and the analyses. The model also has a systematic tendency to overpredict the strength of westerly jets. This may be related to underestimating the subgrid-scale vertical flux of momentum, that is, not including gravity wave drag.
Divergent Circulations and Vertical Motion
Previous sections examined horizontal motions during the case study period. This section considers the equally important vertical motions. Plate 2 shows analyses of velocity potential at 100 mbar (top) and 1000 mbar (bottom). The two panels are averages from daily global spectral model forecasts between October 3-8. Since patterns from the observed data are quite similar, they have not been shown. There are noticeable differences between the two versions of trajectories ending at 400 and 300 mbar (Figures 13 and  14) . All forecast trajectories originate west of the box, whereas some of the observed trajectories still begin over Africa. In addition, the forecast versions are somewhat longer than their observed counterparts, especially around 25øS. These trajectory differences likely are due to the slightly stronger winds in the global model, as well as differences between observed and predicted locations of the tropical anticyclone at 200 mbar (Figures 9 and 11) . We believe that the predicted trajectories are based on stronger, more realistic vertical motions which can carry air parcels to higher levels where the horizontal winds are stronger. This difference in vertical motions was not apparent in the timeaveraged versions shown in Figure 12 .
In spite of the differences noted at 400 and 300 mbar (Figures 13 and 14) , the important point is that most upper tropospheric parcels ending near the region of enhanced ozone have their origins over central and southern Brazil. This is a location of considerable biomass burning, although it often begins to diminish rapidly in early October [Setzer and Pereira, 1991] . Thus deep convection could carry the burning by-products and resulting ozone to higher levels where the winds are stronger. Then they could be transported eastward to the region of enhanced ozone by the large-scale flow, undergoing considerable descent along the way.
Role of Advective Processes
The material presented above has indicated that horizontal and vertical motions can contribute to the observed ozone distribution. To investigate this issue further, we examined the transport and redistribution of existing ozone without any production or decay by photochemical reactions. Specifically, we initially assumed a simple zonally symmetric distribution of tropospheric ozone, treated it as a passive tracer and allowed it to be advected by the global spectral model during the 5-day forecast period. Our initial global latitude-pressure-dependent distribution of ozone was obtained from Davies [1982] The daily evolution of the initial zonally symmetric ozone distribution also is shown in Figure 15 Our case study for October 3-8, 1989, utilized both observed information and forecasts from a high-resolution global spectral model of the atmosphere. Circulation patterns for this 6-day period were similar to those from climatology, and model forecasts of the flow were similar to those actually observed. The FSU global spectral model was used to simulate the evolution of tropospheric ozone patterns beginning from a simple, pressure dependent zonally symmetric ozone distribution. Even though ozone photochemistry was neglected in this approach, the model's dynamics produced an ozone pattern having many similarities to that observed. Thus an important finding is that both planetary-and synoptic-scale circulations over the southern Atlantic Ocean are conducive to accumulating and anchoring the ozone in the region where the tropospheric maximum is observed. In summary, the observed ozone maximum appears to be caused by a complex system of horizontal and vertical transports from regions both within and outside of the southern Atlantic basin. It also appears to be influenced by stratospheric contributions. Future investigations should quantify the stratospheric contribution as well as the relative roles of advection versus sources due to biomass burning.
APPENDIX' FSU GLOBAL SPECTRAL MODEL
The FSU Global Spectral Model includes the following features: independent variables, x, y, or, t; dependent variables, vorticity, divergence, surface pressure, vertical velocity, temperature and humidity; horizontal resolution: triangular, 170 waves; vertical resolution: 12 layers between approximately 100 and 1000 mbar; semi-implicit time differencing scheme; envelope orography [Wallace et al., 1983 ]; centered differences in the vertical for all variables except humidity which is handled by an upstream differencing scheme; fourth-order horizontal diffusion [Kanamitsu et al., 1983 ]; Kuo-type cumulus parameterization [Kuo, 1965 [Kuo, , 1974 Krishnamurti et al., 1983] ; shallow convection [Tiedtke, 1984] ; dry convective adjustment; large-scale condensation [Kanamitsu, 1975] 
